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A bstract: A tom ic  subshell p ro cesses accom p any in g  p h o to n -a tom  
in teractions include  the p ro cesses re spo n sib le  fo r c rea tion  o f  subshell 
v acancies and  th e ir su b seq uen t filling  up. T h e  subshell and  lcve l-to - 
level tran sitio n  p aram ete rs re la ting  to these  p ro cesses in c lu d e  subshell 
p h o to ion iza tio n  and C om pton  sca tte ring  c ro ss sec tions, subshell f lu o ­
rescence  y ie ld s, subshell A uger and C o ste r-K ro n ig  tran sitio n  p ro b a b il­
ities, line  in ten sitie s and  level decay  ra tes, leve l w id th s and  life  tim es 
etc. In th is p a p e r the sta tus o f  the ca lcu la ted  and  ex perim en ta l v a lues o f 
these p a ram ete rs , co m p ariso n  b e tw een  the tw o and the trends and 
approaches be in g  .applied to the investig a tio n s are b rie fly  described .
K eyw ords: subshell p rocesses , in ner shells , p h o to n -a to m  in te rac tio n , 
fluo rescen t x -rays
PA C S n u m b ers: 32 .80 .-t, 32 .8 0 .F b
I- In troduction
A tom ic subshell p ro cesses accom p any in g  p h o to n -a tom  in te rac tio ns 
include the p ro cesses  respo n sib le  fo r c rea tion  o f subshell vacan c ies and  th e ir 
subsequent fillin g  up. T h e  p ro cesses  re spo n sib le  fo r the  c rea tion  o f  the  v a c an ­
cies fo llow ing  the  in te ractio n , esp ec ia lly  in the in ner shells , include: (a) p h o ­
toelectric an d  C o m p to n  in te ractio n  w ith  subshell e lec tron s, (b) rad ia tiv e  and
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non rad ia tiv e  tran sfe r o f  v acancies from  low er she lls  to  h ig h e r shells , (c) 
C o ste r-K ro n ig  tran sfer o f  vacancies from  lo w er su b sh e lls  to  th e  u p p e r sub­
shells o f  a sam e shell and  (d) in teraction  o f  em itted  e lec tro n s (p h o to , Compton 
and  A uger) w ith  subshell e lec tron s, w h erev er en erg e tica lly  p o ssib le . W hile 
the first th ree (a-c) resu lt in v acancies re la ting  to the p rim ary  in teractions, the 
last one  (d) is seco n dary  in nature.
T he  vacan c ies thus c rea ted  are filled  by tran sitio n s fro m  the higher 
shells e ith e r th ro ug h  rad ia tive  p ro cesses o r n o n rad ia tive  p ro cesses . T h e  first 
o f  these  tw o  resu lts  in em ission  o f x -rays w hich  m ay e ith e r be  em itted  as a dia­
gram  line (resu lting  from  a sing le  v acancy ) o r n o n d iag ram  line  (resulting 
from  m ultip le  o r sp ec ta to r vacancies). T he  n o nd iag ram  lines, thus em itted , are 
a lso  know n  as sa te llite  lines. T he  n o n rad ia tive  p ro cesses in c lu d e  the  Auger 
e lectron  em iss ion  (resu ltin g  from  in ter-shell tran sitio n s) o r C oster-K ronig  
tran sfe r (resu ltin g  from  in tra -sh e ll transitions).
T he  subshell and  level-to -levcl transition  p aram ete rs  p e rta in in g  to the 
ab ov e  p ro cesses are: (a) subshell p h o to ion iza tio n  and  C o m p to n  scattering 
cro ss sec tion s, (b) subshell flu o rescen ce  y ield s, (c) su b sh ell A ug er and 
C o ste r-K ro n ig  y ield s, (d) line in ten sities , (e) level decay  ra tes, leve l widths 
and life  tim es etc.
In th is p aper the sta tus o f  the ca lcu la ted  and ex p e rim en ta l values of 
these  pa ram ete rs , co m p ariso n  be tw een  the tw o  and  the trends and  approaches 
b e in g  app lied  to the  in vestig a tio n s are b rie fly  described .
2. C alculations and  m easurem ents of d ifferen t param ete rs
T h eo re tica l ca lcu la tio n  o f  d iffe ren t p a ram ete rs  re la ting  to subshells  and 
level-to -lev el tran sitio n s, such  as subshell p h o to ion iza tio n  c ro ss  sections, 
su b sh ell x -ray  flu o rescen ce , A ug er and  C o ste r-K ro n ig  y ie ld s , line  intensities, 
level d ecay  rates, life tim e, level w id ths, e tc ., have been  m ad e  u sin g  different 
a ssu m p tio n s and ap pro x im atio n s. In  o rd e r to  lim it the size  o f  the  p re sen t com­
m un ica tio n  on ly  som e o f the im p o rtan t tabu la tio n s / rep o rts  a re  lis ted  below:
(1) S cofie ld  [ 1 ] has ca lcu la ted  p h o to io n iza tio n  c ro ss -sec tio n s  fo r all shells/ 
su b sh e lls  o f a tom s w ith  Z = l-1 0 0  in the en erg y  ran g e  1-1500  keV .
(2) H ub b e ll e t al. [2] have  tabu la ted  the va lues o f  in co h e ren t scattering 
fu n c tio n  fo r Z= 1-100. T h ese  sca tte ring  fu n c tio n s can  be  u se d  to  convert 
free -e lec tro n  K le in -N ish ina  cro ss sec tion s to  C o m p to n  sca tte rin g  cross- 
sec tion s fo r bo un d  e lectron s. T h ese  tabu la tio n s are  sa id  to  be con­
struc ted  from  availab le  s ta te -o f-th e -art th eo re tica l data.
(3) K rau se  e t al. [3] and  C h en  e t al. [4] h ave  g en e ra ted  se ts  o f  va lues o f K- 
an d  L -sh e ll/su b sh e ll flu o re scen ce  y ie ld s  and  C o ste r-K ro n ig  transition
Recent trends in investigation of atomic subshell processes etc
2 01
probabilities. While the values o f Krause et al. are available for all ele­
ments with atomic numbers 5 < Z  < 104, values o f Chen et al. are avail­
able for 25 different elements with atomic number ranging from 60 to 
100.
(4) Scofield [5,6] has calculated x-ray emission rates for filling up of the 
vacancies in the K and L shell and also presented the total K- and L-shell 
radiative decay rates and rates o f emission of individual x-ray lines in 
elements with Z=5-104.
(5) Rao et al. [7] have generated semi-empirical values o f the probabilities 
for shifting a K vacancy to L subshells for the elements with even 
atomic number in the range £=20-94.
(6} Allawadhi et al. [8] have calculated Lj, La, Lp and Lx x-ray production 
cross sections in all elements with 40 < Z ^  92 at all energies between 
\ the L\ edge to just below the K edge of these elements.
(7) Hubbell et al. [9] have tabulated K-, L-, M- and higher-shell atomic x- 
ray fluorescence yields, fitted to standard empirical parametric formu­
lations.
(8) Mittal et al. [10] have generated optimum values o f average L shell flu­
orescence yields in elements 23 < Z  <, 92.
(9) Some meager [1,11,12] data on these parameters for the M shell is also 
available in literature.
The calculated values of these parameters are thus available, now, over 
a wide range of incident photon energies and some of these are available even 
for almost the entire periodic table. However, the position of the experimental 
work [8-16] in this direction is not in tune with the calculated values and 
amounts to the measurements o f some gross parameters only. The different 
parameters measured in photon-atom interaction so far, for example, include:
(1) K- and total L-shell photoionization cross section at some selected pho­
ton energies,
(2) Ka, Kp, L |, L a , Lp, Lx and total A/-shell x-ray production cross section 
in some elements and some parameters derived therefrom.
(3) Measurement o f the angular distribution and polarization o f photon 
induced K-, L- and Af-shell x-rays in few elements.
3- Comparison between experimental and theoretical values -  differ­
ent approaches
As the extent o f experimental data available so far, as mentioned above, 
is not sufficient to meet the need of these parameters in theory and experiment
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in pu re  and  app lied  sc iences, one has to  re ly  largely  o n  the  th eo re tica l o r semi- 
em p irica l d a ta  availab le  in lite ra tu re . F o r use  o f  th e  th eo re tica l o r  sem i-em p ir­
ical v a lues o f  these  p a ram ete rs in o the r ca lcu la tio n s o r  e x p e rim en ts , th e  values 
m ust be ch eck ed  against ex perim en ts . H ow ev er, in  m ost o f  the  ca se s  the  d irec t 
co m p ariso n  o f  theo ry  w ith  ex p e rim en t is d ifficu lt b ecau se  w h ile  theoretical 
ca lcu la tio n s are d irec tly  availab le  fo r subshell and  lev e l-to -lev e l transition  
p aram ete rs, the av ailab ility  o f  ex p erim en ta l v a lu es is still lim ited  to  som e 
g ro ss p a ram ete rs  on ly  as m en tion ed  above. T h e  n o n av a ilab ility  o f  th e  direct 
ex p erim en ta l d a ta  on  subshells  and  level-to -lev el tran sitio n s is, possib ly , 
becau se  o f  the  fo llow in g  tw o  reasons:
(1 ) T he  first reason  is re la ted  to the  lim it o f  the  p resen t day  in strum en ta tion . 
T he  b est reso lu tion  av a ilab le  in the  en erg y  d isp ers iv e  x -ray  detecto rs 
(S i(L i) o r H pG e), w hich  have been  la rge ly  u sed  fo r such  m easurem en ts, 
is o f  the o rd e r o f  150 eV  at the M n Ka x -ray  en erg y  (ab o u t 5 .9  keV). 
W ith  th is reso lu tio n  the  K and  L x -rays can  no t be  re so lv e d  in  m ore  than 
4 to 5 co m p o nen ts  /  g roups d epen d ing  o n  the  Z  v a lu e  o f  th e  em ittin g  e le­
m ent. T he  ac tual n u m b er o f  lines in the K x -ray  and  L x -ray  sp ec tra  of 
d iffe ren t e lem en ts  varies from  6-8  fo r K -shell, and  3 0 -4 0  fo r L -shell x- 
rays. W ave len g th  d isp ersiv e  x -ray  sp ec tro m ete rs  th o u g h  h ave m uch 
b e tte r  reso lu tio n  than  that o f en erg y  d isp ers iv e  c o u n te rp a rts , b u t these 
have no t b een  la rgely  u sed  fo r the  p u rp ose  b ecau se  o f  th e ir s low  speed 
and  very  h igh  cost.
(2) T he second  reason  fo r th e  lack  o f  such  ex p erim en ta l d a ta  is the presence 
o f  fa s te r C o ste r-K ro n ig  tran sitio n s w hich  a lte r th e  v acan c ie s  w ith in  the 
su b sh e lls  of the  sam e shell b e fo re  th ese  are filled  b y  th e  tran sitio n s from  
the h igh er she lls  T hus, the  ch arac teris tics  stu d ied  e x p e rim en ta lly  are, 
in  g enera l, o f  the  a lte red  vacan c ies and  d o  no t p e rta in  to  th e  prim ary 
vacancy  d istribu tion .
F rom  the above  it is c lea r th at fo r the c o m p ariso n  b e tw een  theory  and 
ex p erim en t, o n e  has to  e ith e r m od ify  the  th eo re tica l c a lcu la tio n s  /  semi- 
em p irica l d a ta  on  som e o f  the b asic  p a ram ete rs  so  as to  o b ta in  th e  com pound 
g ross p a ram ete rs  m easu red  ex perim en ta lly  so  th a t the  c o m p ariso n  becom e 
possib le , o r re fine  the m easu rem en ts  so as to o b ta in  the  d irec t v a lu es  o f  sub­
shell o r  leve l-to -lev el tran sitio n s p aram eters.
In  the  first approach , w h ich  has b een  la rge ly  fo llo w e d  in  the  past or 
ev en  the  recen t p ast, the  p a ram ete rs  n o rm ally  ca lcu la ted  fo r c o m p ariso n  with 
theory  co n ta in  la rge  un certa in ties , fo r  ex am p le , th e  th eo re tica l v a lu es  o f the 
L |,  La, Lp and  Lx x -ray  p ro d uc tio n  c ro ss -sec tio n s , o Lx, a re  ca lcu la ted  from 
th e  theo re tica l va lues o f  L -subshell p h o to io n iza tio n  c ro ss  sec tio n s, fluores­
cen ce  y ie ld s  hv and  C o ste r-K ro n ig  tran sitio n  p ro b a b ili tie s ,/^ , rad ia tiv e  decay
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rates, F, and intra-shell transition probabilities, nKLi, using the following
relations;
°L \  = I ( CTZ.l + a Kn KL\} ^ 12/23 "*■/13)
+ ( 0 L2 +  ° K n 10.2^ 23  +  (°Z,3 +  ®Kn KL3^ 1 w 3^31
°La  = I (a Ll + a KnKLl) ^12-^23 + /l3  )
+  (0L2 + + ( a i3  + °Ar” JCL3) 1 W'3^3o
°L p  =  (°L 1  +  <TA,nATil^ W1 ^ 13
+  [ ( a LI +  G Kn KL l) f n  +  (O i2 +  a Kn KL2^ 1 W2^ 2P 
+  [ ( G l i + G ^ K l O  ^12^23 13 )
+ ( a L2 + a Kn KL2) f 2i  + (0J.3 + QKn KL2) ] W3^3p
CTLt =  ( ° I . I  +  ° K n K L 0  W l F U
+ [ (<5^ + ^K n KL\> f  12 + (°L2 + ®kn KL2) 1 W2^2x
K - L \  being a forbidden transition, the values of n L i in the expressions above 
have been taken as:
nL l = nL\{A)
nL2 = nL2(A) + nL2(R)
nL3 = nLi(A) + nu (R)
where, R or A in the parentheses indicate that the term belongs to a radiative 
or an Auger transition, respectively.
W hen the /C-shell binding energy of the secondary target element is 
greater than the energy of the K conversion x-rays of the primary target ele­
ment, the value o f AT-shell photoionization cross section aK, becomes zero in 
the above relations.
It is seen that if the uncertainties in the values of these cross sections are 
estimated, these turn out to be of the order of 20-25% while the claimed accu­
racy in the available experimental values are o f the order o f 8-10%. The same 
applies to some of the other parameters, e.g., the total L-shell fluorescence
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yields.
In the second approach , cx pefim en lal m ethods have to  be dev ised  so  as 
to m easure  the basic subshell and level-to -level transition  p aram eters d irectly  
and, thus, m ake a d irec t com parison  o f the m easured  value w ith  th at o f  the 
theo re tica l value. T h is approach  has not been  la rgely  fo llow ed  fo r m easure­
m ents o f  param eters re la ting  to  p h o ton -a tom  in teractions b ecause  o f  the rea­
sons ex p la in ed  above,
4. Conclusions and directions
F rom  the above d iscussion  it is c lear that so far as the investigations 
re la ting  to p ro cesses fo llow ing  pho ton -a tom  in teraction  in the co m in g  years 
are concerned , concen tra ted  and system atic  effo rts  are needed  in fo llow ing  
d irections:
(1) T he ex ten t o f accuracy  in the theoretical /  sem i-em pirica l va lues o f  the 
basic  param eters have to be im proved  so that the g ross p a ram ete rs  g en ­
e ra ted  from  these  have accuracy  equal to or even  b e tte r than  th a t o f  their 
ex perim en ta l coun terpart.
(2) T h e  experim en ta l techn iques have to be  im p ro v ed  so  as to  m ak e  d irect 
m easurem en ts o f subshell and  level-to -level transitions p a ram ete rs  pos­
s ible. A s th is w ill m ake the d irec t com parison  betw een  theo ry  and 
ex perim en t possib le.
S om e o f the areas in w hich  investiga tions o f the subshell p ro cesses  and 
the p aram eters accom pany ing  ph o to n -a tom  in teraction  still n eeded  are:
(1) L j- , Li- and Z ^-subshell p hoto ion ization  cross sections. [N o ex perim en ­
tal da ta  are  availab le.]
(2) L -subshell C oster-K ron ig  transition  p robabilities. [The un certa in ties in 
the  scanty  availab le  da ta  are large and exceed  even  50%  in  som e o f  the 
cases.]
(3) S a te llite  K- and  L -shell line in tensities. [T he da ta  on sa te llite  lines in 
pa ram etric  fo rm  is no t ava ilab le  so  far.]
(4) K to  LilLJL}, K to MXIM2/M^/M4/M5y and LylLJI^ to M}IM2IM3IM4I 
Af<5 vacancy  tran sfer p robabilities. [E xperim ental da ta  are no t availab le 
in m ost o f  the cases.]
(5) A ll basic  p aram eters in  case  o f  M and  h igher shells. [E ither no  o r vary 
scan ty  ex perim en ta l d a ta  are availab le.]
T h e  m ost im portan t part o f  the m ethodo logy  to  investiga te  th ese  param ­
eters is to  m easure  p recisely  and  accurately  the energy  and  in tensity  o f  d iffer­
en t x -ray  lines em itted  from  the in teracting  system  fo llow ing  the photon-atom
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mteraction. T h e  tech n iq u es w hich  are  found  to  be  very  u sefu l in  the m ea su re ­
ments o f  su b sh e ll p a ram ete rs  and  fo r leve!-to -level tran sitio n s include: (a) 
selective a b so rp tio n  techn iq ues , (b) se lec tiv e  ex c ita tion  techn iq ues , (c ) u se  o f  
co m p u te r sp ec tro sco p y  so ftw are , and  (d) co in c id en ce  techn iques.
In the  se lec tiv e  ab so rp tio n  techn iq ue , an ab so rb er o f  a su itab le  e lem en t 
and th ickness h av in g  la rge  ab so rp tio n  fo r ph o to n s o f  one en erg y  bu t low  
absorption fo r the  o th e r is used . T h e  techn iq ue  w as tried  by  the  in vestig a to rs  
for separation  o f  L a l  and  La2 x -rays o f  A u u sin g  Z n  ab so rb er and the a n g u la r 
distribution and  p o la riza tio n  [17] o f  th ese  x -ray  lines w ere  investiga ted .
In the se lec tiv e  ex c ita tion  techn iq ue , the en erg y  o f  in c id en t p h o to n s  is 
selected in su ch  a w ay  that it can  ex c ite  the  e lec tron s in a p a rtic u la r su b sh ell 
ic.g., the L 3 su b sh e ll) bu t is n o t su ffic ien t to  excite  the n ex t im m ed ia te  sh e ll/ 
subshell (e .g ., the  subshell). In  th is  w ay, th e  effec t o f  C o ste r-K ro n ig  tra n ­
sitions can e ith e r b e  co m p le te ly  e lim in a ted  o r at least m in im ized . T h is  te c h ­
nique pan be ap p lied  u sing  p h o to n  in du ced  flu o rescen t K  x -rays, C o m p to n - 
scattered g am m a ray s and  sy n ch ro tro n  rad ia tio n . O ut o f  these , the first tw o  
have been  tried  by  the in vestig a to rs  [18 ,19] as fo llow s: (i) the an gu la r d is tr i­
bution and p o la riza tio n  o f  L 3 subshell x -rays in T h  and  U h av e  b een  in v e s ti­
gated using  N b  and  M o K  x -rays, re spec tive ly ; (ii) the e ffec t o f  C o ste r-K ro n ig  
transitions on  a lig n ed  vacan c ies  has b een  in v estig a ted  on  U  using  M o  an d  Sn  
K x-rays; (iii) a tech n iq u e  for en erg y  and  e ffic ien cy  ca lib ra tio n  o f  a  H pG e 
detector u sin g  v ariab le  en erg y  C o m p to n -sca tte red  g am m a rays has b een  
developed; and  (iv) the  abso rp tion  co effic ien ts  in  som e rare  ea rth  e lem en ts  at 
energies ju s t  b e lo w  and above  K  edge  has been  in v estig a ted  u sin g  v ariab le  
energy C o m p to n -sca tte red  g am m a rays. S yn ch ro tro n  rad ia tio n  so u rces are not 
yet availab le in Ind ia , ho w ev er, th is techn iq ue  h as a lso  b een  w ell ex p lo red  by  
some w ork ers [20] w h erev er th ese  fac ilitie s  are  availab le .
C o m p u te r sp ec tro sco p y  so ftw are  is a lso  found  to be  very  u se fu l an d  is 
being used  to  reso lv e  the  sp ectra l x -ray  p eaks w h ich  do  no t o the rw ise  ap pear 
separate in th e  reco rd ed  spectrum . T h is tech n iq u e  has rep laced  the o ld e r 
graphical m eth o ds u sed  fo r p ea lin g  o f  d iffe ren t peaks. T h e  techn iq ue  has b een  
tried by the  in v estig a to rs  fo r d e te rm in a tio n  o f L p , L2- and  Z ^-subshell p h o to - 
tonization c ro ss  sec tion s by  m easu ring  the  in ten sity  o f  L a , LTl and  Lt2 x-rays. 
In this case  the Lxl an d  Z x2 x -ray  peaks do  not ap p ea r sep ara te  b u t w ere  
resolved u sin g  sp ec tro sco p y  c o m p u te r so ftw are .
T he c o in c id en ce  techn iq ue  is an  o ld e r and  w ell tried  tech n iq u e  fo r se lec ­
tive m easurem en ts, and  has b een  u sed  fo r m an y  o f  the  m easu rem en ts  in  lite r­
ature [21].
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